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Abstract: Nanoscale particle tracking in three dimensions is crucial to directly observe 
dynamics of molecules and nanoparticles in living cells. Here we present a three-dimensional 
particle tracking method based on temporally focused two-photon excitation. Multiple 
particles are imaged at 30 frames/s in volume up to 180 × 180 × 100 µm3. The spatial 
localization precision can reach 50 nm. We demonstrate its capability of tracking fast 
swimming microbes at speed of ~200 µm/s. Two-photon dual-color tracking is achieved by 
simultaneously exciting two kinds of fluorescent beads at 800 nm to demonstrate its potential 
in molecular interaction studies. Our method provides a simple wide-field fluorescence 
imaging approach for deep multiple-particle tracking. 
© 2016 Optical Society of America 

OCIS codes: (170.2520) Fluorescence microscopy; (170.7160) Ultrafast technology; (180.4315) Nonlinear 
microscopy. 
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1. Introduction 
In biological applications particle tracking is an essential method on investigating a wide 
range of molecular behaviors and interactions in living cells, such as protein movement and 
interactions, RNA transport [1–4]. Tracking single particles also reveals processes in virus 
infection, chemical reactions and microfluidic flow fields [5–7]. Particle tracking techniques 
are typically based upon optical imaging and frame-by-frame particle localization. Since most 
processes happen in three-dimensional (3D) space, it is desirable to obtain 3D trajectory of 
molecules/nanoparticles at nanometer precision. Current approaches on achieving 3D tracking 
can be characterized into three categories. First, a feed-back loop is used to control 3D motion 
of the sample stage or scanning the laser beam for lateral (x & y) and axial (z) changes [8–
10]. Although this approach can achieve 1 nm resolution, it is limited to track a single particle 
based on the input of the feed-back loop. Second, based on super resolution imaging 
modalities such as photoactivated localization microscopy (PALM) [11] and stochastic 
optical reconstruction microscopy (STORM) [12], point spread function (PSF) engineering 
approach encodes the z position information into the shapes of the microscope’s PSF, such as 
astigmatism, double helix, Airy function, saddle-point and Tetrapod PSFs [13–18]. Currently 
this approach can track nanoscale emitters over axial range up to 20 µm. The third approach 
is based on defocused imaging to extrapolate the axial position of particles [19–24]. Unlike 
the Gaussian-like point spread function in the in-focus image of a single nanoscale 
fluorescence emitter, the intensity distribution in the defocused image has complex concentric 
ring structures due to Fresnel diffraction [25], and at large defocusing distance the outmost 
ring contains most of the energy. By measuring the center and radius of these rings the 3D 
position of a nanoscale emitter can be determined. This approach has achieved Ångström 
accuracy [23] and over 100 µm range in axial dimension [24]. 

All current defocused imaging for 3D tracking approaches are based on wide-field 
fluorescence, absorption or phase contrast microscopy. Two-photon excitation has the 
advantages of reduced tissue scattering, photobleaching, photodamage and phototoxicity 
compared with one-photon excitation [26, 27], and has been widely used in biomedical 
research, particularly for in vivo imaging. Developing particle tracking technique based on 
two-photon excitation will greatly advance our capability for tracking single 
molecules/nanoparticles trafficking in vivo. Most two-photon microscopic techniques use 
tightly focused laser beam and raster scanning to achieve efficient two-photon excitation and 
2D images. Integrating particle tracking with two-photon microscopy requires sophisticated 
feed-back control loop for sample motion or beam steering [9, 28, 29]. Also this approach is 
limited to tracking one particle only. Over the last decade temporal focusing two-photon 
microscopy, a type of wide-field fluorescence microscopy, has achieved 2D imaging without 
scanning the laser beam [30, 31]. In temporal focusing setup, the spectrum of a femtosecond 
laser pulse is first spatially separated by a diffraction grating, then collimated by a lens, at last 
the microscope objective lens recombines them to a focal region. The laser pulse is broadened 
after the grating diffraction due to spectral-temporal relationship. Temporal focusing occurs at 
the focal region because the different spectral components only spatially overlap within the 
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focal region of the objective lens; therefore, the pulse width is the shortest at the focal plane. 
At the focal region laser beam will not form a single spot as in the conventional microscope. 
Instead, due to the diffraction grating and the collimation lens, the focal region is a light sheet 
with a diameter from tens to hundreds micrometers depending on the focal length of lenses. 
Therefore, when using a CCD camera as a 2D detector, this temporal focusing two-photon 
microscope can obtain 2D images like a wide-field fluorescence microscope. Based on the 
success of this technique, several groups have adopted temporal focusing to image cellular 
dynamics in thick tissues and to ablate tissue [32–37]. Since it does not require scanning the 
laser beam, it could reach 1000 frames/second 2D imaging speed with an amplified 
femtosecond laser system as the light source [33]. In temporal focusing two-photon 
microscopy, 3D imaging can be achieved by scanning the sample in axial dimension [37, 38] 
or by using a spatial light modulator to change the phase front of the excitation beam for 
different depth of focus [39]. Applying temporal focusing for 3D particle tracking has been 
developed by introducing astigmatism in the excitation laser beam [40]. This method can 
track particles within 2 µm axial range with 10 ms temporal resolution. Compared with laser 
scanning two-photon tracking, the advantage of temporal focusing two-photon microscopy is 
its capability of tracking multiple particles simultaneously. 

In this study, we present a multiple-particle tracking technique that combines temporal 
focusing two-photon microscopy and defocused imaging. In a temporal focusing two-photon 
microscope, the pulse width is at its shortest at the focal plane and this pulse broadens as it 
moves away from the focal plane. For instance, the pulse has a full width at half maximum 
(FWHM) of 84 fs in temporal domain at the focal plane, and its FWHM increases to 800 fs at 
the plane which is 100 µm away from the focal plane [31]. The relatively slow pulse 
broadening makes the axial resolution on the order of several micrometers depending on the 
femtosecond laser pulse width. This z-sectioning capability is not as sharp as the submicron z 
resolution from laser scanning two-photon microscope. Our approach utilizes this slow pulse 
broadening to achieve efficient two-photon excitation in a relatively thick volume (~100 µm), 
and moves the sample away from the focal plane for defocused imaging. Together the two-
photon excited fluorescence signal from molecules/nanoparticles form defocused ring 
structures in the image collected by a CCD camera. By calculating the ring central position 
and radius we determine the 3D position (x, y, z) of molecules or nanoparticles and tracking 
their trajectories in time-lapse images. One challenge in this method is the low two-photon 
excitation efficiency while moving the sample away from focal plane. There are two focal 
planes in a temporal focusing two-photon microscope: the plane where excitation laser pulse 
reaches its shortest width (temporal focal plane), and the plane which projects onto EMCCD 
in focus (imaging focal plane). Usually these two focal planes overlap to meet the 
requirements of achieving both maximum excitation and sharpest PSF on detector 
simultaneously. It has been demonstrated that changing the group velocity dispersion (GVD) 
of the femtosecond laser pulses could lead to the displacement of the plane of the temporal 
focus along the optical axis of the objective lens, yielding z-scanning as a function of GVD 
[41, 42]. Therefore, in our setup GVD modulation is implemented to separate the temporal 
focal plane from the imaging focal plane. When nanoscale emitters are efficiently excited by 
the temporal focused laser pulse, the projected image on EMCCD is defocused. 

2. Optical setup 
The temporal focusing two-photon microscope setup is shown in Fig. 1. The femtosecond 
laser pulses come from a chirped pulse amplifier (Solstice ACE, 35 fs, 5 kHz, 6 W, Spectra-
Physics, Mountain View, California, USA). A half wave plate (HWP) and a polarizing beam 
splitter control the power delivered into the microscope. The light has a double pass through a 
pair of prisms for dispersion compensation in order to achieve the shorted pulse at objective 
lens focal plane, then is deflected by a grating (900 lines/mm, Edmund Optics, Barrington, 
New Jersey, USA). Different frequency components of laser spectrum are collimated by a 
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reflective lens (L1, f = 300 mm), then are diffracted by an acousto-optic modulator (AOM, 
TED8-200-50-800, Brimrose, Sparks, Maryland, USA) with 1mm × 35 mm active aperture. 
This AOM is driven by a 200 MHz RF wave from its driver, and this driving RF wave could 
be further modulated by an arbitrary function generator (AFG 3102C, Tektronix, Beaverton, 
Oregon, USA). The laser spectrum is diffracted by the 200 MHz acoustic wave (f0) traveling 
in AOM. When there is no modulation by AFG, the output electric field of the laser pulse 
after AOM, ( )OE ω , equals to the input electric field, ( )IE ω , in frequency domain. Since the 

laser spectrum has been spatially spread out on the AOM, each frequency, ω, corresponds to a 
fixed location on AOM. When AFG applies modulation function, ( )H ω , on the 200 MHz 

acoustic wave, the output electric field is the product of input electric field and this 
modulation function, ( ) ( ) ( )O IE E Hω ω ω=  [43, 44]. This modulation function ( )H ω is 

synthesized by the AFG, and it can take arbitrary form to create arbitrary ultrafast laser 
pulses. When ( )H ω modulates the frequency f (centered at 200 MHz) of RF wave which 

takes the form of ( ) 2
0f t f tα= + , it applies group velocity dispersion on the ultrafast laser 

pulses, and parameter α determines the amount of dispersion. The maximum amount of 
dispersion is determined by the bandwidth of this AOM, which is 50 MHz in this case that 
corresponds to group delay dispersion of ~104 fs2. This modulation function ( )H ω  from 

AFG is synchronized to the femtosecond laser pulse at 5 kHz. After passing a pair of relay 
lenses (L2 and L3) and a long-pass dichroic beam splitter (FF665-Di02, Semrock, Rochester, 
New York, USA), the beam shoots into the microscope objective lens (LD plan-NEOFLUAR 
63 × NA 0.75, Zeiss, Jena, Germany). The fluorescent signal from the sample is epi-collected 
by the same objective lens. A second dichroic beam splitter (FF552-Di02, Semrock, 
Rochester, New York, USA) separates the green and red fluorescence signals. Two EMCCD 
cameras (iXon Ultra 897, Andor Technology, Belfast, UK) detect the green and red 
fluorescence signals respectively. Two bandpass filters (FF03-543/22, and FF03-607/36, 
Semrock, Rochester, New York, USA) are in the detection path to select the green and red 
fluorescence respectively. The sample is mounted on a motorized translational stage 
(NPXYZ100SG, Newport, Irvine, California, USA). 

 

Fig. 1. Experimental setup of the temporal focusing two-photon microscope with spatial light 
modulation. HWP: half-wave plate, AOM: acousto-optic modulator, AFG: arbitrary function 
generator, DM: dichroic mirror, L: lens, BP: bandpass filter. 

3. Materials and methods 
Two types of fluorescent nanospheres with diameter of 100 nm are used in the two-channel 
experiment. One is green sphere with the excitation peak at 505 nm and emission peak at 515 
nm (FluoSpheres carboxylate-modified, F8803, Thermo Fisher Scientific, Waltham, MA, 
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USA). The other one is red sphere with the excitation peak at 580 nm and emission peak at 
605 nm (FluoSpheres carboxylate-modified, F8801, Thermo Fisher Scientific, Waltham, MA, 
USA). Both spheres’ initial concentrations are diluted with distilled water at the ratio of 
1:1000. The sphere samples are well suspended in the solution with the help of a vortex mixer 
before they are prepared in the slides and cover glasses. The whole process is finished at a 
dark environment to preserve the optical properties of samples. 

Cafeteria roenbergensis is a D-shaped biflagella single-cell marine zooplankton (~10 µm) 
that is widely spread throughout the world’s oceans and feeds mainly on bacteria and 
phytoplankton [45, 46]. As a major microzooplankton predator of marine bacteria, Cafeteria 
contributes to the critical pathway of nutrient recycling in the ocean and is an important link 
in the marine food web. Therefore, studying the grazing pattern of such protists is important 
to understand their roles in ecosystem [45]. Cafeteria culture is maintained in F/2 medium 
with E. coli bacteria as its food and together with yeast, trace metal, aspirin and vitamins. A 
small portion of Cafeteria is taken from a large stock, then centrifuged several times and 
diluted to proper concentrations based on the counts from a hemocytometer. Fluorescent 
nanospheres are added to the F/2 medium with Cafeteria starving for four days. It is observed 
that the Cafeteria may treat the spheres as food and swallow them. By recording the 
fluorescent signal from beads, we are able to track the fast motion of Cafeteria. 

We use MATLAB curve fitting module to fit the outmost ring in defocused images to the 
following Gaussian distribution function: 

 ( ) ( )( )2
2 2

0 0 0( , )  exp( )I x y A k x x y y r= − − + − −  (1) 

where I is the pixel intensity, A is the amplitude, k is a parameter related to ring width, x0 is 
the ring center coordinate in x dimension, y0 is the ring center coordinate in y dimension, r0 is 
the ring radius. In the MATLAB curve fitting module, non-linear least squares analysis and 
the method of least absolute residuals are used to improve the accuracy of the fitting model. 
The curve fitting algorithms show the center values of x0, y0 and r0, and the intervals of each 
of the three fitting parameters with 95% confidence level ( ± 2σ). From the intervals given in 
this curve fitting results, we obtain the standard deviation of x0, y0 and r0. 

4. Results 
The temporal focusing two-photon microscope is first characterized with fluorescent 
nanospheres (100 nm). The PSF (Fig. 2(a)) of one single bead shows FWHM of 0.5 µm (Fig. 
2(a)), which is at the diffraction limit. By using 1-µm diameter fluorescent microspheres and 
intentionally saturating the main lobe intensity in detection, we are able to observe the 
peripheral fringes in PSF (Fig. 2(b)). The z-sectioning capability (axial resolution) for 
temporal focusing two-photon microscope is on the order of several micrometers depending 
on several parameters such as laser spectrum bandwidth and objective lens numerical 
aperture. We scan the sample in axial dimension over a range of 70 µm at 2 µm step (Fig. 
2(b)), and record a series of images, with the in-focus plane as the origin (z = 0 µm) and + z 
direction indicating sample moving towards objective lens. The in-focus image (z = 0 µm) is 
intentionally saturated in order to increase the brightness of defocused images. Concentric 
rings show up in defocused images (z ≥ 20 µm) with peak intensity in the outmost ring, and 
the central lobe becomes blurred. This ring structure does not present when the sample is 
moving away from the objective (z < 0 µm) as observed in another wide-field fluorescence 
imaging experiment [20]. Such asymmetric ring formation on two sides of the focal point was 
predicted by Fresnel diffraction simulation [25]. The normalized fluorescence intensity 
change in axial dimension is plotted as the red curve in Fig. 2(d) by measuring the central 
lobe peak intensity with unsaturated in-focus image as the peak intensity. The FWHM of this 
curve is about 10 µm which is a littler larger than many other experiments since the N.A. of 

                                                                               Vol. 7, No. 10 | 1 Oct 2016 | BIOMEDICAL OPTICS EXPRESS 4192 



our objective is 0.75. Implementing defocused imaging for this conventional temporal two-
photon microscope is challenging, since the ring intensity in defocused images is much lower 
than that in in-focus image. And the dynamic range of detector is typically not suitable for 
such large intensity variation. To overcome this challenge we apply extra GVD on the AOM 
to shift the temporal focal plane away from the imaging focal plane. The amount of applied 
GVD determines how far the temporal focal plane can be shifted from its original position 
[41, 42]. Although a larger GVD will increase the tracking depth, however, it will increase 
the pulse width thus decrease the two-photon excitation efficiency. As an example the 
maximum two-photon excitation happens at the z = 30 µm plane with added GVD of 5000 fs2 
(Fig. 2(c)). Although the temporal focal plane has been shifted, the imaging focal plane is still 
at the z = 0 µm plane as this plane is determined by the objective lens and imaging lens in 
front of camera only. Therefore, the z = 30 µm plane image still shows defocused rings. Pulse 
broadening becomes prominent when the shifting of the temporal focal plane becomes large 
[41], which leads to larger depth of efficient two-photon excitation as shown in Fig. 2(b). The 
normalized peak fluorescence intensity from the outmost ring vs. axial dimension shows a 
very broad peak with FWHM around 30 µm (blue curve in Fig. 2(d)). Such large FWHM in 
axial dimension of detected fluorescence signal facilitates large range of tracking fluorescent 
molecules/nanoparticles in depth. 

 

Fig. 2. Characterization of the temporal focusing two-photon microscope using a 100 nm 
fluorescent nanosphere. (a) PSF of a 100 nm bead. (b) Series of fluorescent images of 
nanosphere at different z positions (z = −10 to 60 µm). When this nanosphere moves closer to 
the objective lens ( + z), defocused rings start forming. (c) Series of fluorescent images of 
nanosphere at different z positions (z = −10 to 60 µm) after the temporal focal plane is shifted 
to z = 30 µm plane with applied GVD on AOM. (d) Maximum intensity plots along axial 
dimension for images in (b) and (c). 

The calculated ring radius (R) increases nonlinearly over the entire range (Fig. 3(a)). The 
relationship of R vs. Z shows good linearity within a short distance, e.g. 20 µm (Fig. 3(b)). By 
scanning the nano-positioning stage at 10 nm/step in a range of 160 nm we study the detailed 
resolution (Fig. 3(c)). The curve in Fig. 3(c) shows linear relationship with abnormal kinks. 
The localization precision ultimately depends on the signal-to-noise ratio of the obtained 
image rings. The standard deviation (σ) of R from fitting algorithm is in the range of 1-2 nm 
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which is comparable to a previous defocused imaging study [19]. By leaving the sample 
stationary and imaging for 4 minutes at 15 s interval, we calculate a time series of the 3D 
position of sample (Fig. 3(d)). The position in all three dimensions fluctuates in time with 
standard deviation in the range of 20 nm. Such fluctuation is possibly due to mechanical 
instability of the system. This contributes to the kinks in Fig. 3(c), since the next position’s 
image is taken more than 30 s later after the previous position’s image. 

 

Fig. 3. Particle 3D position calculation based on defocused images. (a) Calculated ring radius 
R vs. Z relationship in large axial scan range (ΔZ = 110 µm) is nonlinear. (b) The R vs. z 
relationship shows linearity in short scan range (ΔZ = 11 µm). (c) Within ultrashort range (ΔZ 
= 180 nm) the R vs. Z relationship shows overall linearity with measurement standard 
deviation of 2 nm. The large kinks in this curve is due to mechanical instability. (d) 
Mechanical stability measurement of one stationary sphere showing its 3D position (X, Y, Z) 
has fluctuations with standard deviation σX, σY and σZ around 20 nm. 

Since our defocused imaging based particle tracking technique is capable of obtaining 
wide-field images, it is possible to track multiple particles simultaneously. We mix green and 
red nanospheres (100 nm) in solution. Both nanospheres are excited by 800 nm light, and 
their fluorescence is detected in the green and red channels respectively (Fig. 1, and Fig. 4(a)-
4(c)). Figure 4(a) is the merged image of both channels with Fig. 4(b) and 4(c) showing green 
and red channels respectively. The green fluorescence signal is slightly lower than the red 
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signal. In order to make the brightness in both channels comparable, we increased the gain in 
green channel with slightly higher background noise. Total 14 particles show up in both 
channels. Based on these defocused images, the 3D position of these particles within a 
volume of 180 × 180 × 100 µm3 are calculated and presented in Fig. 4(d). 

 

Fig. 4. Dual-color multiple-particle imaging. (a) Overlay of both green- and red- channel 
images that are collected simultaneously by two camera showing 8 green spheres and 6 red 
spheres and 8 green spheres (bar: 20 µm). Respective (b) green channel image, and (c) red 
channel image. (d) 3D projection of total 14 spheres in the volume of 180 × 180 × 100 µm3. 

Defocused imaging based particle tracking has achieved tracking multiple bacteria at 
moving speed of 100 µm/s [24]. Exploring microbial motility in 3D with dynamic imaging is 
a powerful tool to study hydrodynamics of microorganisms, mechanics of microbial motility, 
and chemotaxis of microbes [47]. The swimming speed of Cafeteria is several hundred 
micrometers per second. We record a real-time (30 frames/s) movie of Cafeteria motion in 
3D (Visualization 1, play back speed 10 frames/s) with sequential frames from the movie 
displayed in Fig. 5(a). Two Cafeteria are observed in this movie; the first one (right) has fast 
motion in all three dimensions and the second one (left) moves into the field of view and 
stays almost stationary within the rest time span of movie. The trajectories of both Cafeteria 
are plotted in Fig. 5(b). The instantaneous speeds during this period of time are plotted Fig. 
5(c). The first Cafeteria has a speed in the range of 100-250 µm/s, and the second Cafeteria 
has an initial speed around 250 µm/s and slows down to the range of 0-50 µm/s. There have 
speculations on the difference of grazing patterns between fast swimming and stationary 
Cafeterias. Current study has only provided information on the stationary population [46]. 
Our method provides the capability of studying those fast swimming Cafeteria. 
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Fig. 5. Dynamic tracking of microbe Cafeteria (Cro) swimming. (a) Frame by frame images 
(33 ms interval) of two Cafeteria with one near stationary on the left, and the other one fast 
swimming on the right (see Visualization 1). (b) 3D trajectories of these two Cafeteria (black 
lines). (c) Instantaneous speed of two Cafeteria with color graph showing one Cafeteria is 
moving at high speed 100-250 µm/s, and the other one with an initial speed of over 250 µm/s 
and slows down to rest. 

5. Discussion 
In summary we present a multiple-particle tracking scheme based on temporal focusing two-
photon microscopy. The current imaging rate of our approach is 30 frames/s. However, this is 
not the practical limit, since the camera exposure time is set at 1 ms for most experiments and 
it can be shorter for brighter fluorophores. The electronics of camera is currently limiting our 
imaging speed. At 512 × 512 pixels the frame rate limit of our camera is 56 frames/s [48]. It 
could be improved by reducing the number of pixels in each frame. For instance, at 64 × 64 
pixels crop mode the frame rate limit is increased to 1492 frames/s. It has been reported that 
camera-based 3D particle tracking scheme has achieved kHz imaging rate [23]. Therefore, it 
is reasonable to predict that our approach can reach millisecond temporal resolution. The 
trade-off of achieving high imaging rate is degraded spatial resolution or reduced field of 
view within each image. If the camera works in binning mode, e.g. 4 × 4 pixels bin together 
to make 1 pixel, the pixel resolution is sacrificed. Or if the camera works in crop mode, e.g. 
only the central 64 × 64 pixels are used to capture light, the spatial coverage is reduced. 

The spatial resolution of our approach is 2 nm in all three dimensions which is 
comparable to a previous study based on epifluorescence microscopy [19]. We have used a 
curve fitting algorithm in MATLAB to calculate the ring radius and central position. Many 
advanced algorithms have been developed to optimize the precision and accuracy of 
localization in single-particle tracking and super resolution microscopy [49]. With more 
careful design to improve mechanical stability we expect that this approach could achieve 
Ångström order resolution which had been achieved by wide-field microscopy [23]. The 
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ultimate resolution limit is decided by the signal-to-noise ratio in images which is determined 
by shot noise of fluorophores and noise from camera electronics. 

The advantage of tracking particles with defocused imaging is the capability of imaging 
and tracking multiple particles simultaneously. This capability is particularly useful for 
studying molecular interactions in living cells and high-throughput tracking of bacteria. When 
multiple particles are imaged and they are close to each other, their defocused rings can 
overlap, which will decrease signal-to-noise ratio, and eventually reduce the precision of 
determining the 3D positions of particles. To overcome this obstacle, we have implemented 
the dual-color imaging method where the two interacting particles could be labeled with 
different fluorophores and their emission is spectrally separated and detected by different 
CCD cameras. 
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